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INJURY BIOMECHANICS RESEARCH
Proveedings of the Twentp-Ninth Inrernatinnal Workshop,

Studies of Neck Injury Criteria Based On Existing
Biomechanical Test Data

(3. 5. Nusholtz, L. Di Domenico, Y. Shi, P. ] Eagle, Z. Ben Aoun

ABSTRACT

This paper presents two analytical approaches to evaluate the Nij infury eriterion using previously
published biomechanical data. A divect fit optimization analysis is applied fo re-examine the
intercepts used in the Nif eriterion. The results show that no valwes of the intercepts used in the Nif
criterion corresponding to compressive force, extension moment and flexion moment will optimally
separate the injury and non-injury cases in the hiomechanical data set. Only the tensile intercept
allows idemification of the infury risk. The rension and bending moment data in the same test serfes
were examined for corvelation with injury prediction using a variery of standard statistical
techniques. AN indications are that increasing the weight given to moment decreases fhe accuracy
of the predietion. Moment is a confounding random variahle in these biomechanical data sew.
Only neck tension is shown as a reffable predicior of injury potential.
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INTRODUCTION

elermitiing realistic biomechanical injury criterin for impact conditions is a formidable task.

The results and conclusions from biomechanical impact studies are incomplete and potentially
invalid, This is a consequence of the nability fo validate the results, the multiple mechanisms for a
given injury, the non-uniqueness of an injury for a given imput as well as the complexity of human
anatomy, material properties and structure, Only a limited number of tests can be conducted due 1o
cost and complexity. Either postmortem-human or animal human surrogates must be used. In
addition, there is never access (o the real physical phenomenn of an impact event. Tests are always
ideafized and are limited by experimental errors, assumptions and constraints. Finally, the ol used
to cstimate the parameters of human response, the anthropomorphic test device (dummy), may not
represent the response of a living subject. Therefore, the results from any procedure used 1o
determine assessment values, risk of injury or injury threshold might be distorted or potentially
emoneous, However, the need remains for estimating human performance in impact. Efforts should
be focused on improving or correcting current assessment values and threshold values,

The neck assessment values have recently been an active area of investigation. This is primarily the
result of the re-examinution of the live animal test data that was used 10 estublish assessment values
in the Federal Motor Vehicle Safety Standard, FMVSS 208, the regulation for frontal crash
occupant safety protection,

The human neck is a complex biomechanical structure that can sustain loading due to axial (orces
and bending moments acting on the spinal column. The mechanisms of injury ire related to these
loads, Automotive crash events impart time-varying loads on the human neck. Rescarchers have
tried to characterize the injury potential of these complex loading conditions in the form of itjury
criteria, An injury criterion that combines the effects of tension and moment, N, has been
proposed. Current regulations governing the performance of oceupant safety protection systems
have generally been based on the research used 1o formulate the N criterion.

The ohjective of the work is 1o determine if the existing criterin are rigorously supported by the test
data as pood indicators of neck mjury risk. This paper presents two analvses that use the same
biomechanical data that is the basis for Nj, The first analysis is a direct fit optimization that re-
examines the constunts used in the N, criterion. The second analvsis follows a statistical
methodology and examines whether tensile force and extension bending moment make a
significant contribution to the prediction of injury. The appropriatencss of neck Injury criteria tha
use combinations of tension and bending moment is assessed. This study also sugzests what type of
criterion the available test data support.

BACKGROUND

Neck injury eriteria are used 1o assess whether protection of the occupant's neck complies with 2
regulation. The neck injury eriterion, like other injury criteria, is derived from a biomechanical test
dutabase using some type of data analysis methodology. Neck injury due to inertial load of the head
while the torso is restrained by a seat belt or seat back has been the subject of some study,
However, the hiomechanical test database for the more complex loading condition resulting from
air bag interaction consists primarily of a series of tests conducted 1o study the injury potential to
an out-of-position accupant. Mertz, et al,, (1982b), and Prasad and Danicl, (1984), reported paired
sets of matched tests conducted on piglets and a crash dummy representing 3-year old children.
Small pigs were chosen to represent the size, weight and state of tissue development ol three-vear-
old children. The same conditions (speed, air bag type and subject position) were used on bath the
piglet and the dummy.
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Broad ranges of test conditions were involved, resalting in o spectrum of injuries 1o differemt body
regions of the piglets. The level of injury resulting from this particular condition is determined by
necropsy of the animal and the mechanical response of acceleration and forces are recorded from
the dummy, Analysis of the test data 15 given in (Mertz et al, 1982b, Prasad and Daniel, 1984),
Further analyses are given by Menz and Weber, (1982a), and Mertz et al, (1997}

Mertz and Weber, (1982a), examined the relationship between neck injury level and the peak neck
tension force. With o statistical procedure, a neck injury risk curve was established, which shows
the percentage of porcine subjects with significant neck injuries as o [unction of the peak neck
tension. The results showed that with a peak tension force of about [050N o 1350 N, the risk of
injury increases from nedr 2ero to near 100%,

Prasad and Damiel, (1984), analyzed the dependence of neck injury seventy on the loading
represented by three different measures: peak neck tensile force, peak neck extensional moment
and a specific combination of the two. Their test data, which were derived from the same test setup
and procedure as the Mentz and Weber tests, indicated that all piglets sustained significant neck
injuries for peak temsile forces above 1923 N, When the dependence of the injury on the peak
extensional moment was examined, the authors suggested thal njury severity depended on a
combination of tensile force and moment. The injury was assumed 1o depend linearly on combined
peaks of tensile foree and extensional moment al 4 given time. 1t was concluded that a straight ling,
passing through the tensile force axis at 2000 N, and the extensional momernt at 34 Nm. appears to
defineate the no neck mjury 2one and the severe injury zone.

Mertz etal., (1997}, combined and unalyzed the data reported in (Merz et al., 1982h) and (Prasad
and Daniel; 1984) using the statistical method reported in (Mertz and Weber, 1982a). The results of
this analysis for tension alone create a one- percent risk of AIS = 3 inqury a1 1070 N, When the
peak extensional moment plone 15 considered, 13.0 Nm corresponds 1o the same injury nisk. The
injury is related directly to the peak value of a specific combination of the force and moment, Nqg,
which uses a simple cross-neck foree distribution model:

; [ [
il Ny, :t(M,+EFJJ

where Mg and Fy are the extensional moment and tenstle foree as functions of time, D is a constant
related 1o the geometry of the neck and 1is a constant ithat is determined from injury and force and
moment dotn, Pased on the test data m (Mertz et al., 1982b) and (Prasad ond Daniel, [1984), the
coefficient ©ean be determined. This results in the following:

M F;
{n M., el
W UM B

where M, is 20.0 Nim and F,is 1390 N for 3-vear olds.
Neck injury nssessment valves first became part the FMVYSS 208 regulation in 1997, Individoal
limits are given for forees and moments of the dummy neck during a sled test. A new neck imury

criterion, Nij, was introduced in September 1998 in a Notice of Proposed Rulemaking (NPRM) for
FMYSS5 208 (NHTSA, 1998), MNij is defined as:

(2) M. =
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where F, and M, are the axinl force and the neck flexion-extension moment as functions of time.
F.. and M, ure normalization constants. A value F_ i given when F, is tensile force and a possibly
different F,. value is used when F, is & compressive force. Similarly. two values are used for M,
depending on whether M, is extension or {lexion. F,, and M, values are dependent on the
representative gender and age of the dummies (partly based on the biomechanical data reported m
(Mertz et al., 1982h, Prasad and Daniel , 1984, Mertz and Weber, 1982a, Mertz et al., 1997)).
These values were modified in a8 Supplemental Notice of Proposed Rulemaking (SNPRM) for
FMVSS 208 (NHTSA, 2000b). They were further revised in 2000 in the FMVSS 208 Final Rule
(NHTSA. 2000a). In this regulation, the values of F . and M, for the 3-year old child dummy are as
follows:

Fae = 2120 N when Fz is in lension,
Fze=2120 N when Fz is in compression,
Myc = 68 Nm when My is flexion and
Mye = 27 Nm when My is in extension.

Four values of N, are computed as functions of tme. The four values correspond to the possible
combinations of axial force amd moment: tension-extension, tension-flexion, compression-
extension and compression-flexion. In addition to limiting any of the Nij values 1o 1.0, the
regulation Further requires that the peak tension force shall not exceed 1130N and the peak
compression foree shall not exceed 1380 N at any time for the 3-year old child dummy, F.. and M,
values tor dummies of other sizes are also given and they are essentially arrived at by scaling the
phove numbers,

The regulatory requirements for the 3-year old dummy can be depicted in M, - F. space as shown
in Figure 1. The N, requirement is represented as a dinmend shape, In this depiction, the values for
M., and F,. correspond to the intercepts of the N limit lines on the axes. The peak tension and
compression limits appear as dotted vertical lines.

Nij Criterion for Three Year Old Dummy
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Figure 1. Neck injury protectivn requirement envelope of FMVSS 208 regulation
for 8 Syear-old test dummy.
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EXISTING BIOMECHANICAL DATA USED IN ANALYSIS

Ot of the forty-six tests (forty-three piglet plus three baboon tests) reported n (Mertz et al.,
[982h), there wos enough usable datn in thirty-three tests. Twelve tests our of the fifteen reporied
‘im (Prasad and Daniel, 1954 comtained enough data 1o be included in this study. Therefore, forty-
five paired piglet-dummy tesis were used in this stody, No distinetion is made between those from
(Mertz et al., 1982h) and those from (Prasad and Damiel, 1984) because the test methodology and
setup were such that the tests can be cansidered as s single test program.

Necropsies of the pigs allowed injury severities to be correlated with comresponding measurements
made on the test dummy, The dummy neck force and moment time histories and the corresponding
injury level from the piglet data from a-subser of the tests that are reported in (Mertz er al., 1982h,
Prasad snd Daniel, 1984) were obtamed from their respective original sources (Mertz, 1999, Kim,
1999 for this study,

Only the part of the time histories that are considered relevant to the air bag loading should be used
for the analysis. Efforts wete made to assure that the selection of the time duration was consistent
with that used in (Mertz et al,, 1982, Prasad and Daniel, 1984, Mertz and Weber, 9820, Mertz et
aL, 1997,

DIRECT FIT ANALYSIS OF THE NLI CRITERION

This analysis assumes that neck injury is governed by the N;; as defined in Equation (2) where F.
has umique values for tension and compression and My, has unigue values for flexion and
extension. The objective is to use the existing test data described sbove to determine four mtercept
values that allow a hest discrimination between injury and non-injury cases. Because of the nature
of the tests and types of injures observed o the subjects, Nexion and compression should not be
explainable values and should be not related 1o injury. They are included as a test of the procedure.
1f the procedure is valid, there should not be a value for the flexion and compression intercept that
offers-a clear advantage in injury prediction,

This approach seeks (o minimize, with respect to L (a vector of all four to-be-determined
intercepts), & fit mehsure p that allows the “best” separation of injury and non-injury tests, per some
requirement (o similar method s presented in (Nusholtz et ul,, 2000)), Figure 2a and 2b show the
time histories” of the tests in the wension-moment spacie along with the dismond-shaped failure
envelope corresponding o Ny = 1.
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Figure 2. Time histories of no-to-low injury, casis (a) and the serious-to-fatal injury coses (b).

The fit measure p is defined us
— 43 - A
(3) o) = (Y (e, (el L) el = 1))~
]

where ¢l is o “converted” injury classification for the ith test based on the N value: ¢l = |
{"serious-to-fatal njury™), if N = 1 and ¢l = 0 (“no-to-tow mjury™) if Ny < 1. [ 15 the injury
classification from the ith test result: [i= 1 if AIS, = 2.5 and 1, = 0if AlS; = 2.5, @ is a weighting
fctor given to the ith test that allows the fit to be carmied out for different requirements.

The similarity between the Nj eriterion and the tension-extension hased criterion reported
in (Mertz et al., 1997) is apparent, Further, the determination of the values of M. and F_ in (Mertz
et al., 1997) and the determination of the intercepts through the fit analysis in this study appear to
be similar, However, two differences wre worth noting here. Most importantly, in (Mertz et al,
1997), there is a preset relationship between Mc and Fe, as given by Equations (1) and (1'), which
is @ result of a simple cross-neck force distribution model assumption. Secondly, only the tension
and extension intercepts are considered as in (Mertz et al., 1997), In this study, all of the intercepis
(tension and extension as well as compression and flexion) are considered.

Two different fit requirements were examined:

(1) & =1. The same weight 15 given 1o all cases; therefore, the final fit given by minimizing p 15
one that makes the minimal number of “incorrect” predictions of injury by the N;, eriterion.

(2) a@=w,ilcl, =0 und [ =l else @ =1. The weighting factor, w, is o large number

given as a penalty to the case where the actual test is an injury condition, but the N;; predicis
non-injury. The incorrect prediction of an actunl injury case is penalized more than the
incorrect prediction of an actual non-injury case, Therefore, the final fit given by minimizing
p is one that predicts all actual injury cases correctly and, at the same time, makes the
minimal mumber of incorrect predictions aboul the actual non-injury cases with a suitably
selected value of w (in this study, w = 25 was used).
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The direct fit analysis was applied to both the case where all four intercepis were allowed to vary
und the case where only the tension-extension mntercepts were allowed to vary. The latter case
pssumes that the observed injury was all from this mode of loading.

The requirement for a minimal number of incorrect predictions (i.e.. the fit when a =1) was

considered with all four intercepts allowed to vary. The response of p is reprisented by the mesh
Tesponse surface in Figure 3. The response surface is largely a cylindrical surface afier the
extension moment intercept exceeds about —70 Nm — indicating that only one vanable, tension,
affects the injury predominantly. There is a value for the tension intercept, spproximately 1225 N,
which minimizes the number of incorrect predictions, The limits for compression, extension and
flexion do not appear to significantly affect the minimization of incorrect injury predictions.
I"u;,urcs 5, 6 and 7 show that the fit measure, p, cannot be minimized by selecting any value of the
extension, compression or flexion limits in the range of the txlstlng_ data. The fit measure 1s not
effected by increasing or decreasing the extension, compression or flexion limits beyond some
value in the range of the available data. This suggests that fixing these parameters to a specific
vitlue will not contribute 1o accurately predicting injury in the range ol wvailable test data.

Alesponses surface with fouwr limets. Compression & flaxion limits: [-1600, 280]

‘I"ffj f}'

R ,}ff,;;;m
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Figure 3. Response surfbce of the fit measure with the first requirement and four intereepts allowed 1o vary.
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Effect of Tension Intercept on Fit Measura
(Campression = -1600 N, Extension = -T2 Nm, Flaxion = 280 Nm)
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Figire 4. Sensitivity of fit mensure (0 the tension imtercept with the first requirement
when four mtercepts are allowed 1o vary.

Effect of Extension Intercept on Fit Measure
{Tension = 1225, Compression = -1600 N, Flexion = 280 Nm)
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Flgure 5, Sensitivity ol fit messure to the extension intercept with the first requirement
when Four intereepls are allowed 1o vary,
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Effect of Compression Intercept on Fit Measure
{Extension = -T2 Nm, Floxion = 280 Nm, Tension = 1225 N)
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Figure 6. Sensitivity of fit measure 1o the compression intercept with the fisst requirement
when fow' inereepts are allowed to vary.

Effect of Flexion Intercept on Fit Measure
{Compression = -1600 N, Extension = -72 Nm, Tension = 1225 N)
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Figure 7. Sensitivity of fit measure o the flexion intercept with the first requiremint
when four intercepts are allowed o vary

The requirement for o minimal number of incorrect predictions was also considered with only the
tension and extension intercepts allowed to vary and only the tension and extension parts of the
data are used. The response of p to different values of the two limits is given in the mesh response
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surface shown in Figure 8. The response is very similar to the four-parameter case. The fit measure,
p. is minimized by a single value of the tension intercept. Specifically, the tension intercept is
clearly defined, while the extension intercept does not affect the quality of the fit once it is beyond
4 certain value. Figure 9 shows that p cannot be minimized by selecting any value of the extension

in the runge of the existing data.

Figure 8. Response surfuce of the fit measure with first requirement ahd two mtercepts allowed to vary,

Effact of Extonsion Intercept on Fit Measure
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Figure 9. Sensitivily of fit measure 1o the extension intercept with the first regquiremetit
when two intercepts are allowed to vary,
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In both the fonr-parumeter and two-parameter cases, the tension limit is the only parameter that
effectively minimizes the number of incorrect predictions of injury. The range of the existing daty
does not appear 1o support the use of compression, extension or flexion in atiempting o accurately
predict injury.

The same type of investigation was conducted for the case where minimizing requires predicting
all actual injury cases correctly and making the minimal number of incorrect predictions about the
actual non-injury cases (i, the fit when & =w ), The results are shown for the four-intercept

case in Figure 10. There is a value for the tension intercept (again, spproximately 1225 N) which
ntinimizes the fit measure.

Tanaon marcapt (W)

Extanmion intarcapl (N-mj}

Figure 10); Response surfuce of the fit measure with the second requirement and
four imereepts allewed 1o vary.

This requirement was also examined for the two-intercept case. The results are shown m Figure | T:
There s a value for the tension limit that minimizes the fit measure (approximately 1160 N). No
value of extension in the range of available test data minimizes the fit measure. There is a small
difference batween the intercept values for tension obtained i the four-intercept and two-intercepl
cases. This is due 1o the trnjectories of some no-to-low injury time histories pussing through the
tension-flexion quadrant as well as differences in step sizes in the search process.
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p. Fit Msasurs

Extsnsion enersspt (N-m) Tansion Infarcapt (M)

Figure 11: Response surfoce of the fit measure with the second requirement and
two mterceps allowed to vary,

Table | summarizes the optimal intercept values found by the direct fit aptimization method. The
"= symbol indicates the step size in caleulating the response, and therefore, the uncertainty in the
value, The "< and " =" means the response (i.c., the prediction of the Nij with these intercepts of
the test results) remains the same below or above this value. The minimum value of the fit measure
15 not influenced by extension, compression and flexion in the range of available data. [nsensitivits
of the prediction to the intercept values is exhibited, except in the case of tension.

Table |. SUMMARY OF INTERCEPT VALUES,

Intercepts | Tension Intercept | Extension Intercept | Compression Intercept | Flesion Intercepi
Four |uterceps 1225 £ 25N £ 904 10 Nm SN = 200 N

Two Inkrcepis 1159 % 9N < 8% i 7 Nm NA NA

it is noted that the optimal points for the four-intercept cases for these two requirements (both
minimizing the number of incorrect predictions and prohibiting incorreet actual mpury prediction
with fewest incorrect non-injury predictions) are identical, The same 15 true for the two-miercept
cases fior both requirements. This can only be true when the incorrect predictions for the first type
of reguirement are all gbhout the non-injury test cases. When the aclunl test results and the
predictions for the four-intercept and two-intercept cases are compared, the same 3 of 43 tests are
miss-classified, The use of the four intercepts does not improve the predictions of injury with this
particular set of test data.
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STATISTICAL ANALYSIS OF TENSION AND MOMENT

The results of the direct fit analysis calls into question whether the use of moment in a neck injury
eriterion contributes to the gecurney of mjury prediction for air bag loading, To mvestigate further,
two dilferent analyses, principal component ond confidence tests on the mean, were performed 1o
investigate the predictive value of tension and extension moment. The direct fit analysis indicated
that tension was the significant variable, For this reason, tension aloné was considered. The focus
was on determining whether extension moment makes a significant contribution to predicting a
neck injury beyond what is seen with tension. The statistical analysis presented here shows that
there |5 evidence to conclude that moment cannol provide additional separation between injury and
non-injury in the experimental data set beyond the separation already achieved by the lension
alone, The same data used in the direct fit optimization study was used in these analyses. The
global peak values of tension and moment were used in this analysis s compared to the global
peak values used in the caleulation of Ny, The individual variables will exhibit a stronger influence
on injury wsing this approach. [T moment is not found 1o be significant when its global peak is
considered, it is unlikely to be a significant contributor o injury when it is applied in the N
critetion,

Preliminary Analyses

Prefiminary analvses (tesis on the mean value) were performed one for each of the two sets of data
{Mertz el al, 1982b) and (Prasad and [Daniel, 1984) and one for the combined data set. The
preliminary analysis for the data in (Mertz et ul., 1982b) reached the same conclusion suggested by
the analysis of the combined data with the same power. On the other side it is nol possible, using
only the data in (Prasad and Daniel, |984), o draw any reliable conclusion: the data set is o small
1o insure enough power and robustness of the analysis. All the statistical analyses described in what
follows were performed using the combined data reported in (Mertz et al., 1982b, Prasad and
Draniel, 1984,

Principal Component Analysis

Principal component analysis seeks to maximize the variance of a linear combination of the
variahles under consideration (the peak values of tension (T) and moment (M)). The Abbreviated
Imjury Seale (AlS) values (i.e., designation of serious-te-fatal or no-te-low injury) will not be used
in this analysis. All samples are combined together and no grouping of observations are assumed.
The principal component analysis is concerned only with explaining the variance-covariance
structure of the tension and moment variables through o linear combination that has maximal
wvarianes, Seeking a linear combimation with maximal variance is essentially searching for a line
that the observations can be projected onto that creates the largest separation among the
observations,

The first principal cormponent is given by (lohnson and Wichem, 1998 )
i4) Po=1.0000(T=E(T)) + 0.005 (M= E(M])

where E(T) and £iM) are the expected or mean values of the tension and moment where T is
measured in Mewtons and M s measured in Newton-meters. The relative sizes of the coefTicients
of tension and moment suggest that tension contributes significantly more to the determination of
P, The test data do not show significant separation in terms of moment. However, tension, taken
essentially alone, separates the data as widely as possible, This suggests the possibility that if the
data is grouped into serious-to-fatal injury and no-to-low injury categories. Tension may be used o
discriminute between the two categonies,
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The comelation between the first principal component and the two variables was also examined.
The correlation values were found to be:

Corr (PLT)= L0000 and  Corr (P.0M) = 0.004

The first principal component is perfectly correlated with tension and. for all practical purposes,
not correlated with moment. This implies that tension determines the value of the principal
component and, hence, the scatter that exists in the data. The first principal component explains 99
Yo of the total varienee, Therefore, P, can “reptace™ the original variables without practical loss of
information.

The principal component analysis provides evidence o conclude that 1ension is the most important
variable in this data set while moment appears to not be significantly informative. The resulis
suggesl that the principal component essentially duplicares the tenslon variable. Tension alone is
able w explain 99% of the total information contained in the data. Thus, the principal component
analysis gives evidence to suggest that moment can be omitted from the analysis without loss of
information,

Tests on Mean Values

Tests were also conducted on whether the means values of tension and moment could be used to
scparaie the data imo serious-to-fatal injury and no-to-low mjury categorics. In this analvsis, the
AlIS variables were used 1o categorize all the available abservations into Group 1 {serious-1o-fitl
mjury ) and Group 0 (no-to-low impury). Grroup | is the family of all observations where AIS =3,
Ciroup 0 15 the family of all observations where AIS < 3. This test examines whether tension (T)
and moment (M) can be used 1o separate the data into the two groups.

The ohserved values, T and M, differ 1o some extent from one group to the other, If the observed
values were not very different for subjects in Group | and Group 0, the two groups would be
indistinguishable with respeet to these variables. A multivariate test was done (o investigate if these
two variables were able 10 separate the two proups. In particular, o multivariste two-sample T -test
was performed 10 determine if the mean value for Group 0, (E(T.).E(M,)), was significantly
different from the mean value for Group 1. (E(T, LECM, ).

The T “-test examines whether the mean values of the tension and moment are equal for the two
groups. The alternatives are;

i3 H,:fl,=h v8 H. i+

Where 4, is the vector-valued expectation of the tension and moment for Group i = 0,1, The

hypothesis test resulted i a p-value of 0.0001. Thus, there is evidence to conclude that the mean
valug of the vector (T, M) is significantly different for the two groups,

While this type of test is not strongly affected by lack of normality, a transformation of the
variables T and M was applied to make the joint distribution of the transformed varinbles
approximately normal, The Box-Cox, (1964), method was followed to transform the variahles such
that:

o (Yo S
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The assumption of normality was reasonable and the 77 -test was performed using (T,M). The

analysis of the transformed data supported the same conclusion reached above with the same
significance level,

It is important to investigate if' the moment measured in wddition to the tension will significantly
increase the separation of the two groups, A test of the hypothesis that the moment data is
redundant in the presence of the tension dats was condueted. This "additional information” test (see
Appendix) resulted in a p-value of 0.78 implying that there is strong evidence to accept the
hypothesis of moment being redundant. This suggests that the moment duta does not add
significant information for purpeses of separating the serious-to-fatal and no-to-low injury groups.
This conclusion leads us 1o ask it moment has any power to distinguish between the two groups,

Univariate tests were also done o compare the mean moment value for the two groups. A test was
done to determine if the mean value of the moment is equal for the two groups, The alternatives
re;

(7 H,:E(MM), =EM), vs  H, :E(M), = E(M),

Where E(M),, is the expected value of the moment for Group i = 0,1. The necessary assumptions
for this type of test (observations are independent, observations for each group are a sample from a
population with & normal distribution and variances for the two independent groups are equal)
seem to be reasonable. A univariate t-test to compare the two groups mean moment resulted in o P
value of 0.016. Thus, there is evidence to conclude that the mean moment for the two Eroups is not
significantly different at level 0,01, The mean value of the moment can not be confidently used 10
separate the serious-to-fatal injury and no-to-low injury groups.

Finally, a univariate test to compare the mean tension value for the two groups was performed. As
was done with moment, a test was done o determine whether the average value for the tension is
equal for the two groups. The tension data is not likely to be normal (the distribution of Group 0 is
skewed). Therefore, 3 Wilcoxon Rank Sum was used to compare the mean of the two groups, This
test provides a non-parametric analog 1o the t-test used in the analvsis of the mean moment. The
only assumption is that the observations are independent. The p-value for this test is 0.0001. Thus,
there is strong evidence fo conclude that the average value of the tension for the two RFOUPS 15
significantly different. Tension can be applied to distinguish the no-to-low and serious-to-fatal

Injury groups.

Figure 12, & scatter plot of the tension and moment data with the no-to-low and serious-to-fatal
injury cases indicated by legend, illustrates this point. The location of the means of the two Eroups
is shown. The two means are significantly separated by tension: By contrast, the separstion is not
significant in terms of moment.
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Paired AnimalTest Dummy Air Bag Deployment Tests for Neck Injury Potentiat
{Parcine Animal Subjoct and Three Year Old Test Dummy)
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Figure 12, Seatter plot of biomechanmcal moment and tension data.

The additional information test gives evidence 1o conclude that the momem variable does not
contribute anything significant beyond the information already available in tension for separating
the serious-to-fatal injury and no-to-low mjury groups, The univariate test conducted on moment
reinforeed this contlugion. The mean value of the moment is not significantly different for the two
groups (the two mean moment values were not significantly different at 0.01 level). However, the
mean value of the tension is significantly different for the two groups (the probability of observing
a larger difference by chance alone is 0.0001).

There is confidence to conclude that, for all practical purposes, tension is the only valid variable.
Moment is not informative in distinguishing between the serious-to-fatal injury and no-to-low
injury groups. Therefore, if a linear combination of tension and moment is used to discriminate the
two groups, the more weight given to moment will result in less power to discriminate the two
groups. This conclusion can be supported more formally by trying to form a linear discrimmant to
classify observations of tension and moment into the two groups,

CLASSIFICATION ANALYSIS: ALLOCATION OF OBSERVATIONS TO
GROUPS

In classification analysis a sampling subject whose membership is unknown s assigned 10 a group
based on the parameter values associated with the subject. As in the previous statistical analysis of
the observed measurements, all the available ohservations have been divided in two groups: Group
0 (no-to-low injury) and Group | (serious-to-fatal mjury).

Three parumeters were compared in their ability 1o classify the samples. Two separate approaches
to linearly combining moment and tension were considered, Ny and K (Mertz et al., 1997) as well
as tension (T) alone. K is an instantancous peak kemnel of moment and tension defined as:

(8} K=M;+cF,
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where ¢ is 1 constamt dependent on scale factors and characteristic dimensions of the neck (see
Equation | a5 well). Fisher's discriminant function (Jobnson and Wichemn, 1998) was used to
compare the performance of K, Nj and T in classifying the samples. This technique (ransforms
samples into & univariate space where the observations cun be separated as much as possible, The
discriminant function defines a threshold value in the univariate space that segregates the data into
the separated groups.

The results of the ¢lassification procedure using Fisher's diseriminant function for cach of the
parameters are summarized in Table 2. Esch parameter was used to ussign the samples 1o a group.

Tabhle 2. CLassibicATIONS USING VARIOLS NECK INJURY ASSESSMENT PARAMETERS,

Parameier | Subject Group | Total Correct Incorrect Classification Rate
Observations | Classifications | Classifications
k i 13 e 1 - KHs
— i Y || 0 14 L — .
My i 24 20 | % T
! 4 I - 1L, fLbal
I [ ps] 11} _ 1 Bt
{ 2il Ib 4 Rt

When the entire subject grotp is evaluated using the diseriminant function, the largest percent
correctly classified were observed when using tension alone.

One important way for judging the performance of mny classification procedure is to caloulate its
“ervor rate” or misclassification probability. An estimate of the misclassification probabilities can
be obtained using the cross validation method (Rencher, 1995) (sometimes referred as "hold —out”
method). This approach does not depend on the parent population and, for moderately-sized sample
{such as the one with this data set}, it 15 nearly an unbiased estimate of the expected actual error
rate, F{AER ). In this datn set, where the parent population is unknown, the cross validation method
gives the best available estimate of the probability that  classification function (K, N and T) will
misclassify a future phservation hased on the present sample.

Estimates of the probahility of correct classifications are summarized in Table 3.

Table 3. ESTIMATES OF CORRECT INIURY CLASSIFICATIONS USING CROSS VALIBATION.

Classification Variahle T K Ny
PG B 4% F0.0%% T3 %

The highest probability of comrect classification rate results from using the tension varighle. This
result confirms what was observed in the previous two analyses: tension is the most informative
variable in clussifying an observation as cither low-10-no injury {Group () or serious-to-fatal injury
(Group 1), The multivariate and univariate statistical analyses suggested that there is evidence that
moment has no power in classifying the observations, As expected, inclusion of moment degraded
the predictive value of the analysis. Thus, the two injury assessment values that combine moment
and tension, K and Nj, have less power than the tension alone. Moment is only acting as 4
confounding varahle.
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CONSISTENT THRESHOLD ESTIMATE

Moment is not statistically significant i predicting neck injury, thus no risk curve can be estimated
using these values. Moreover, K and N, have less power than the tension alone, The best estimated
probability of injury is the one computed using tension alone, As it has been observed, tension is
nejther Normal nor Log-Normal distributed: its distribution [unction cannol be approximated by
either of these two families. The form of the underlying distribution is imknown and there is no
busis for & parametric risk analysis. Therefore, the best method for performing a risk analysis is a
non-parametric approach. The Consistent Threshold Method (CTM) (Nusholtz and Masier, 1999)
will be used 10 detenmine the probability of injury. The CTM provides a non-parametric, maximum
likelihpod esiimaie.

There is not enough data collected in (Mertz et al,, 1982b) and (Prasad and Danicl, 1984) to define
strict threshold values for the risk of neck injury. Thus, based on the combined two data sets, the
best that can be estimated are regions of low-risk, intermediate-risk, and high-risk. A low=risk
region is @ region below the first observed injury. A high-risk region is above the highest value for
observed no-injury cases, The intermediate region is the one between the low and the high-risk
regions.

The estimated risk of serious-to-fatal injury as a function of tension using the CTM is illustrated in
Figure 13.

Meck Injury Risk in Air Bag Deployment Tests
{Porcine Animal Subject and Three Year Old Test Dummy)
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Figure 13. Estimated risk of serious-to-fatal injury based on tension dats,
DISCUSSION
An analysis of the data collected in (Mertz et al., 1982b) and (Prasad and Daniel, 1984) calls into
question the value of using moment, either on its own or in combination with tepsion, as an

indicator of neck injury for air bag loading. This result may seem counterintuitive because moment
can be a predictor of injury for inertial loading. The neck is bent under the action of air b

5t
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loading. Bending a prismatic bar with homogeneous material properties will result in tensile and
compressive stresses on the component being bent. Bending stress should be @ contributor io
ligament tissue failure in a similar manner to axial stress. This concept s the basis for the K and
Nqi (the lension-extension part of the N, injury criterion), However, a rigorous analysis of the dam
shows a linear addition of extension moment to the tension data degrades the accuracy of injury
prediction. Furthermore, injuries observed in the animal subjects are only related ta tension.

Air bag deployment tests represent a complex set of loading conditions on the neck. The paired
tests were conducied with the tacit assumption that the test device and the animal surrogate respond
similarly to the application of this complex loading condition. Differences hetween the test device
and the animal subject may offer o reason why the observed moment does not correlute with injury.
The constant stress hypothesis that underlies the K and Njj criteria assumes that the neck behaves ns
a prismatic, homogeneous bar. A biologic specimen has features that challenge this assumption.

The Hybrid 11l dummy response corridors were developed using incrtial loading of the head while
the torso is restrained by a seat belt und o seat back. A deploying air bag loads the head directly,
creating a different type of load condition on the neck. Finally, mertial loading of the head causes
the neck to behave as a cantilever beam with a point load at the free end. In simple terms, the
maximum moment occurs when the deformation is at # maximum and deformation rute is al &
minimum. By contrast, large moments can be imparted W the neck by air bag loading when the
deformation rate is very high — a5 much as an order of magnitude larger than what would he
observed in inertial loading due to impact. Strain rate sensitivities in the test device may be
influencing the moments recorded during the tests.

For the reasons stated above, the test device may not be appropriate for purposes of tesis involving
air bag loading when moment is considered, In addition it may cull into question whether it is
appropriste to assume that neck moment risk can be assessed using standard crash test dummies.
Conversely, it may imply that moment is not an estimator of risk for air hag loading.

CONCLUSIONS

This study represents an analysis of the data contained in {Mertz et al., 1982b) and (Prasad and
Danicl, 1984). Additional data of this type may change the numerical results but should not change
the general conclusions.

The following conclusions apply only to air bag loading and may not apply to other types of
louding.

Twa analytical approaches were used to examine if’ the existing neck injury criteria for air bag
loading are rigorously supported by the animal test data as good indicators of neck injury risk. A
direet fit optimization analysis re-examined the constants used in the N, enterion. The resulis
showed that no values of the constants used in to the Ny criterion corresponding to compressive
force and flexion moment will optimally separate the senous-to-fatal injury and no-to-low injury
cases in the biomechanical data set. This result is expected: based on the experimental procedures
employed in the original tests significant compression and flexion should not be generated. It is
expected that only the tensile und extension intercepts should allow optimal identification of the
injury risk.

The tension and moment data were examined to assess their injury prediction value using a variety
of standard statistical techniques. Tension alone is the best predictor of injury. Although a
combination of tension and moment can be used, all indications are that increasing the weight
given to moment decreases the accuracy of the prediction. Moment is a confounding random
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variable in the biomechanical data set: moment should not be used as an injury mdicator it only
decreases the accuracy.

Various neck injury criteria have been proposed which use tension and bending moment as
separate variables and in linear combinations as predictors of injury for air bag loading. This
investigation indicates that the use of moment is not supported by the hiomechanical data used to
form the basis for these proposed criterin, With the currently aviilable test data and
anthropomorphic test devices, only neck tension is a reliable predictor of njury potential for air
bag loading,
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APPENDIX
Additional Information Test

The data under consideration consists of a random sample (T, M) withj = 1. .25 {Group 0)
hiat s assumed to be distributed N, (77;.Z, ) and a second random sample (T,,,M,,) with j =

1.....20 (Group 1) that is assumed to be distributed N, (#,,Z,). A further assumption is made that
the two samples are independent. The T *_statistic based on the full set of variables (both T and M)

is given by:
3| = = Y I' I . i = =
T =|:.J"'nr!'"|:| - 5,—-: {:"'ﬂ_:""l:'
I-II n'.l J
where S is the pooled covarignce matrix y_: z 11 E —hﬂi | n, =20 and n, =25
pl z i I'ﬂ_‘ i nl " | eai ] L

The T -statistic bascd on the reduced set of variables (only Tension) is given by
, 2035 T i
Ty =__-_[ % =l
45a; | > 20

The hvpothesis of M redundant is rejected at level @ ift

de'l T_‘:T_I:E":‘iralnl-""l
43+ T

For the combined data sel (Mertz et al., 1982b, Prasad and Daniel, 1984), the value of the F-
statistic above is 0,076, with a p-value equal to 0,78, implymg that there is evidence 10 accept the
hypothesis of M being redundant.
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DISCUSSION

PAPER: Dummy Neck Response During Airbag Loading and Injury Potential
Assessment

PRESENTER: Guy Nusholtz, Daimler Chrysler

QUESTION: Frank Pintar, Medical College of Wisconsin

This data always kind of baffles me because the way that the pigs were experimented with the
airbags there’s really no chin 1o produce tension in the pig, and vet the dummy data tells you that
tension is the predicior. Would vou care to comment on how those can be resolved?

ANSWER: | didn’t go into a detailed look at the experimental setup, | do know you can, in fact,
get some level of friction m the pigs, There should be some area in which the airbag can attach
below the neck to produce tension, it's not completely, it doesn’t completely eliminate all of it
First of all, the only thing vou have to produce 1ension on the dummies, you don't have to produce
it on the pigs in this case to get the tension, This is a correlator, it's a paired model.

Q: You correlate the tension?

A: You're ulso questionmng the quality of the data that results. And what yvou're saying is okay,
this showed that tension was an indicator of injury and momient is nol. But even in that, vou may
ot be able 1o extrapolate this to a live human because of the way of the expenimental test setup.
Someone would have to go through o detailed Took ot all of the different tests to see whether that
part of it mukes sense. | just took at face value what Bud and Priva had done in which théy had
made the claim that this was a reasonable representation of what would happen with a kid.

Q: It just seems to me that the actual injuries produced in the swine were probably more due 1o
bending just because of the nature of the subject, the swine. Il vou look at some of those old
pictures there’s basically a smooth surface that the airbag hits, there's no protruding chin like in the
dummy. So it would seem to me that the high cervical injuries that they were getting in the swine
had a lot more to do with the bending of the head back. And that's why it is interesting that when
you put a dummy in there you get tension as a predictor?

Ar Lreally can’t speak for Bud, but for a short moment | will. When he explained it to me he said
that the injurtes that they saw looked like tension injuries. The way the tears and the damage
lpoked like you had pulied on both sides of the neck and vou had damage on both sides. which
would indicate — it looked like to him that it was a tension-1ype injury.

Q: Erik Takhounts, NHTSA

The dummy’s neck, | think, the way | recall it, has some extrn moment added to it and the
argument was that this should represent actual musculature, Whereas pigs. obviously they didn't
have that. Can you comment on this? Would it introduce some extra varinhle in your case, in vour
analysis?

A: Well, the extra musculature in the dummy is going to add a force on the head, but it doesn’t
tepresent B in a person it is not going (o represent the foree on the condoyles or where the injury is.
So what it is going to be doing is vou are gomg to be using this muscle as an estimator of force on
the condoyles. Thal may not be accurate.  In other words, the actual momems at the condoyles
might be very different and, in fact, that might indicate that it is very different than what vou're
actually measuring in the dummy,

Q: So, you're snying that we'll have a dummy with low moment in the occipital condoyles but has
springs that are representing museles, they may better correlate with injury?

A: That may better correlate, ves,

6l
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Q: Roger Nightingale, Duke Universiry

I wanted to comment on what looks like a tension injury and what doesn’t. We're producing
AO dislocations in cadavers, human cadavers right now with pure extension and flexion bending
moments. So a pure moment can produce an AQ dislocation without any fracture. So, | don’t
know that vou can necessarily look at these injuries and say that’s a tension injury.

The other question | had was you're using inverted dynamics data from the pigs, or not you, Priya
and Bud were. And given the difficulties we just saw that the Medical College of Wisconsin is
having caleulating moments and tension at the condyles based on - was it accelerometer and
video data | think they're using, how confident are you in those numbers, basically, the pig
numbers?

A: Once again, you're asking me to speak for Bud and Priva. They ran the experiments. They
were confident that the numbers represented something. Whether that's true or not, | can’t really
address those particular type of answers. But | would agree that's a justifiable question o ask,
what is the confidence that those sctually represent something real. In defense of it, it was an
altempt to try and get a handle and put a numerical value on this. These were run a long tme ago
and they are sort of now used as the basis for assessment criteria. So, if we just take them as they
are and go through a process these are the results of what comes out of those numbers, good or bad,



